The levels of endogenous brassinosteroids (BRs) and the expression of the biosynthesis genes involved have been investigated during the development and germination of pea (Pisum sativum) seeds. When seeds were rapidly growing, the level of biologically active BRs, brassinolide (BL) and castasterone (CS) as well as the transcript levels of two BR C-6 oxidases (CYP85A1 and CYP85A6) reached a maximum, suggesting the significance of BL and CS in seed development. In the early stages of germination, CS, but not BL, appeared and its level increased in the growing tissues in which the transcript level of CYP85A1 and CYP85A6 was high, suggesting the significance of CS in seed germination and early seedling growth of pea.
Introduction
Generally, immature seeds of plants contain high levels of plant hormones, gibberellins (GAs), cytokinins (CKs), auxins, abscisic acid (ABA) and brassinosteroids (BRs) . A number of plants contain both GAs and auxins at the highest levels during early to mid-embryo development when CKs are decreasing rapidly and there is little or no ABA detectable (Rock and Quatrano 1995) . The increases in GAs and auxins in pea (Pisum sativum) and wheat (Triticum aestivum) are correlated with increases in pod and grain length. It thus seems that CKs have physiological roles in the early stage of embryo development while GAs and auxins elicit their activity in the later stages. The level of ABA reaches the highest levels at the middle and late period of seed developments prior to returning to lower levels in the dry seed, resulting in acceleration of a buildup of nutrient reserves, an arrest of tissue growth, development of desiccation tolerance and prevention of precocious germination (Rock and Quatrano 1995) . Choe et al. (2000) found that the dwf5 mutant of Arabidopsis, which is BR-deficient due to a defect in the sterol ∆ 7 reductase, produces aberrantly-shaped seeds. The lk mutant of pea, which is a severe BR-deficient due to the impaired sterol 5α-reductase, also produces irregularly-shaped seeds ( Figure 1 ; Nomura et al., 2004) . A BR-deficient Vicia faba bean also produces small seeds (Fukuta et al., 2005) . These facts indicate that sterols or BRs may be required for normal seed development.
Germination of seeds is known to be retarded by ABA (Merlot and Giraudat 1997) and, in lettuce, accelerated by the de novo synthesis of GA triggered by red light irradiation (Toyomasu et al., 1998) . The synthesis of α-amylase associated with seed germination is 6 also accelerated by GAs (Richard et al., 2001) . It has been known that germination of aged rice seeds (Yamaguchi et al., 1987) as well as clover broomrape seeds (Takeuchi et al., 1997) are stimulated by BR. Steber and McCourt (2001) showed that BR rescues the germination phenotype of severe GA biosynthetic mutants and of a GA-insensitive mutant by overcoming ABA-induced inhibition of germination. Furthermore, the germination rate of the dwf5 mutant is lower than the wild type plants (Choe et al., 2000) .
These observations raise the possibility that BR is needed for normal germination.
However, little knowledge is available that correlates endogenous BR levels with seed growth and maturation as well as with seed germination. In order to get such information, we quantified endogenous BR levels in pea seeds and seedlings at the various growth and development stages. We also quantified the transcript levels of BR-related genes. To this end we have cloned various pea genes related to the biosynthesis and metabolism of BRs (see Figure 2) . Previously, some of those genes had been isolated as mutated genes in the lka, lkb and lk mutant of pea by us. The LKB gene encodes sterol C-24 reductase (Nomura et al., 1997; 1999; Schultz et al., 2001 ) and the LK gene encodes sterol 5α-reductase (Nomura et al., 2004) . The LKA gene encodes a BR receptor component that is the pea homolog of Arabidopsis BRI1 (Nomura et al., 2003) . The DDWF1 gene of pea, cloned as a gene regulated by a dark-induced G protein, has been claimed to encode BR C-2 hydroxylase (Kang et al., 2001 ), but we could not justify this claim because its homolog is not present in the Arabidopsis genome. In this study we further cloned pea homologs of cytochrome P450 monooxygenases (P450s) that have already been characterized on BR biosynthesis in Arabidopsis, tomato (Lycopersicon esculentum) and 7 rice (Oryza sativa): CYP85A1 (DWARF)/C-6 oxidase (Bishop et al., 1999) , CYP90A1
(CPD)/putative C-23 hydroxylase (Szekeres et al., 1996; Ohnishi et al., 2006) and CYP90B1 (DWF4)/C-22 hydroxylase (Choe et al., 1998) , CYP90D1/C-23 hydroxylase (Ohnishi et al., 2006) and CYP734A1 (BAS1)/C-26 hydroxylase (Neff et al., 1999) . We discuss the roles of BRs in growth, maturation and germination of pea seed on the basis of the level of endogenous BRs and of BR-related mRNAs.
RESULTS

Identification of Endogenous BRs and Their Quantitative Changes in Developing Pea Seeds
Immature to mature seeds of pea were harvested at six growth stages (Figure 1 ). The levels of endogenous BRs were examined at five of these stages except stage 5, fully expanded "yellowed" seeds because it has been difficult to harvest a large amount of seed materials exactly in stage 5. From these seeds, biologically active BRs, castasterone (CS) and brassinolide (BL), were identified together with 6-deoxoBRs belonging to the late C-6 oxidation. 6-Oxo intermediate BRs belonging to the early C-6 oxidation pathway
were not detected at any growth stages (see Figure 2 ).
Quantitative changes of the endogenous BRs in these seeds are shown in Table I as a CYP90D1 homolog and CYP734A11 as a BAS1 homolog. Identity and/or similarity of these genes and encoding proteins in reference to Arabidopsis counterparts are shown in Table II .
A phylogenetic tree of BR biosynthesis/metabolism-related P450s of pea, Arabidopsis, tomato and rice was constructed using their amino acid sequences (Figure 3 ). These analyses suggest that the pea P450 genes cloned will have the same functions as the indicated Arabidopsis, tomato and rice genes. Recently, it was found that CYP85A1 of Arabidopsis and tomato catalyzes the conversion of 6-deoxoCS to CS while Arabidopsis 9 CYP85A2 and tomato CYP85A3 catalyzes the conversion of 6-deoxoCS to BL (Kim et al., 2005; Nomura et al., 2005) . However, we found that both pea CYP85A1 and CYP85A6 catalyze the conversion of 6-deoxoCS to CS but not to produce significant amount of BL (Jager et al., submitted) . It is interesting that pea has two CPD homologs, indicating that DDWF1 could be involved in a reaction other than BR biosynthesis.
Fluctuation of Transcript Levels of BR Biosynthesis/Metabolism/Receptor Genes in Developing Pea Seeds
The transcript levels of the genes were examined at immature to mature stages 1 to 6 ( were in striking contrast. The CYP90A10 transcript level increased toward stage 4, but thereafter sharply decreased. Its level in immature seed was low. However, the CYP90A9 transcript level is quite low until stage 4, but thereafter sharply increased and accumulated to a high level in mature, dry seed. These results suggest that the CYP90A9 and CYP90A10 genes function at quite different stages of growth.
The expression of the CYP90D7 gene, although not high at any stage of seed growth, was the highest at stages 3 and 4. It was not detectable at later stages (5 and 6).
The transcript levels of LKB, CYP90B8, CYP92A6, CYP734A11 and LKA were less markedly changed, but as a whole gradually decreased as seeds matured. However, the LK gene transcript gently increased and attained highest level at stage 6. It is worth noting that mRNAs of LK, LKB, CYP90A9, CYP90A10, CYP92A6, CYP734A11 and LKA are still detectable even in mature, dry seeds of pea, but those of CYP90B8, CYP90D7, CYP85A1 and CYP85A6 were scarce or below the detection levels.
Quantitative Changes of Endogenous BRs in Germinating Pea Seeds
The levels of endogenous BRs fluctuated during seed germination as shown in Table   III ( Figure 1 ). In the 16h-imbibed seed, the levels of endogenous BRs were comparable to those of mature seeds and neither BL nor CS was detected. In the 1-d-old seedlings, CS appeared and its precursors between 6-deoxoCS and 6-deoxotyphasterol (6-deoxoTY) and 6-deoxo-3-dehydroteasterone (6-deoxo3DT) were markedly increased. In contrast, 6-deoxoCT was decreased to one-tenth.
The 3-and 5-d-old seedlings were dissected into cotyledons, shoots and roots prior to extraction. CS but not BL was detected in these tissues. The level of 6-deoxoCT and down-stream intermediates was largely raised in these tissues. These findings indicate that de novo BR synthesis is already operating in cotyledons, shoots and roots of the 3-and 5-d-old seedlings. Shoots were found to contain higher levels of CS than roots in accord with the data reported for Arabidopsis, pea and tomato (Bancos et al., 2002; Symons and Reid, 2004) .
Fluctuations of Transcript Levels of BR Biosynthesis/Metabolism/Receptor Genes in
Germinating Pea Seeds
The expression of CYP85A1, CYP90B8, CYP92A6, CYP734A11 and LKA was increased as early as during imbibition, while the expression of CYP90A9, CYP90A10, CYP85A6 and LKB were elevated in 1-d-old seedlings ( Figure 5 and Figure S2 as Supplemental Data). The increase observed in LK was less marked.
Shoots, roots and cotyledons of 3-d-old seedlings were also examined. It should be noted that expressions of CYP85A1 and CYP85A6 were predominant in shoots and roots, but scarce in cotyledons ( Figure 6 ). Expressions of the other genes were rather evenly distributed in shoots, roots and cotyledons. Biosynthesis of CS from campestanol has been known to occur through the early C-6 oxidation pathway via cathasterone (CT) or the late C-6 oxidation pathway via 6-deoxoCT, 6-deoxoteasterone (6-deoxoTE), 6-deoxo3DT, 6-deoxoTY and 6-deoxoCS (Figure 2 ) (Fujioka and Yokota, 2003) . In addition, the early C-22 oxidation pathway from campesterol to 6-deoxoCT via 22-hydroxycampesterol and 6-deoxo-3-dehydroCT has been demonstrated by Fujioka et al. (2002) and by Fujita et al. (2006) (Figure 2 ).
Quite recently, novel shortcut routes were discovered by Ohnishi et al. (2006) , where 6-deoxo-3-dehydroCT and its reduction product 3-epi-6-deoxoCT are 23-hydroxylated by CYP90C1 and CYP90D1 to give 6-deoxo3DT and 6-deoxoTY, respectively (Figure 2 ).
The available evidence indicated that the campestanol-independent pathway from campesterol to CS involving the shortcut routes is the main biosynthesis stream in Arabidopsis. The present study as well as earlier works (Bancos et al., 2002) showed that endogenous BRs in pea tissues are comparable to those in Arabidopsis and tomato. Thus the campestanol-independent pathway is also predominant in pea and probably in a majority of higher plants (Figure 2 ). However, we earlier identified BRs belonging to the early C-6 oxidation pathway from pea tissues although at very low levels, i.e. typhasterol (TY) from immature pea seeds (Yokota et al., 1996) and teasterone (TE), 3-dehydroteasterone (3DT) and TY from pea shoots (Nomura et al., 1999) . The conversion of 6-deoxoTY to TY, 6-deoxo3DT to 3DT and 6-deoxoTE to TE has been demonstrated to be catalyzed by Arabidopsis and tomato CYP85A1 (Shimada et al., 2001 ). Thus, it seems that TY, 3DT and TE earlier identified from pea tissues is synthesized from those 6-deoxoBRs by C-6 oxidases such as 
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CYP85A1 and/or CYP85A6 (Figure 2 ). Both TE and 3DT are also likely to be derived from TY by a reverse reaction (Suzuki et al., 1994; Stündl and Schneider, 2001 ).
Growth and Development of Pea Seed May Be Controlled by CS and BL
The C-6 oxidation is a rate-limiting step in the production of bioactive BRs, because 6-deoxoCS, a direct precursor of CS, commonly accumulates at relatively high levels in several plant species (Nomura et al., 2001) . It has been shown that the formation of CS from 6-deoxoCS is catalyzed by CYP85A1 in tomato (Bishop et al., 1999) , Arabidopsis (Shimada et al., 2001 ) and rice (Hong et al., 2002; Mori et al., 2002) . Recently, we have found that CYP85A3 (tomato) and CYP85A2 (Arabidopsis) function as multifunctional enzymes that catalyze consecutive oxidation reactions at the C-6 of 6-deoxoCS to produce BL via CS (Kim et al., 2005; Nomura et al., 2005) . We found that both of pea CYP85A1 and CYP85A6 functioned principally as BR C-6 oxidases that convert 6-deoxoCS to CS when expressed in yeast (Jager et al., submitted) . No full BR C-6/Baeyer-Villiger oxidase that converts 6-deoxoCS to BL via CS has yet been identified from pea. The transcript levels of CYP85A1 and CYP85A6 correlate well with the endogenous levels of BL and CS during seed growth. The amounts of BL and CS reached a maximum at stage 3 when seeds were rapidly growing, but were drastically reduced when the seeds were fully expanded. In contrast, 6-deoxoCS built-up in fully expanded seeds (stage 4) when the conversion of 6-deoxoCS to CS by CYP85A1 and CYP85A6 was decreased. These findings are consistent with BL and CS being required for growth and development of seeds. The bas1-D mutant of Arabidopsis, in which CYP734A1 (previously named CYP72B1) encoded by the BAS1 gene is amplified, was reported to deactivate BL and CS by C-26 hydroxylation (Neff et al., 1999; Turk et al., 2003) . However, in the bas1-D mutant, the levels of 6-deoxoCS, CS and BL are much lower compared with wild type plants, suggesting that the BAS1 protein can also degrade 6-deoxoCS. In pea seeds, the CYP734A11 transcript is highly expressed in immature seeds, suggesting that it functions to control BR levels throughout seed growth.
6-DeoxoCT May Be a Major Storage BR Utilized during Germination
In mature seeds, the biologically active BRs, CS and BL were not detected. However, their biologically inactive precursors were stored in mature seeds. Among them, 6-deoxoCT was predominant in mature seeds. This profile of endogenous BRs in mature seeds was not changed after two years' storage at 4 ºC (data not shown) indicating that these precursors may work as storage forms for years. The endogenous BR levels were not affected by imbibition (Table III) , but de novo synthesis of CS and its precursors were clearly observed in 1-d-old seedlings. In contrast, only 6-deoxoCT was drastically reduced in 1-d-old seedlings, indicating that CS and its precursors were synthesized at the expense of 6-deoxoCT stored in seeds. This suggests that 6-deoxoCT is used as a storage BR and that de novo synthesized 6-deoxoCT is not fully supplied at this stage. The level of 6-deoxoCT was largely restored in shoots, roots and seeds of 3-and 5-d-old seedlings, indicating that de novo synthesis of 6-deoxoCT and upstream intermediates starts within 3 days of the start of germination. 
Transcripts of Biosynthesis, Metabolism and Receptor Genes of BRs Are Stored in
Pea Seeds
Transcripts of biosynthesis genes LKB, LK, CYP90A9 and CYP90A10 as well as of the receptor gene LKA were detected in mature seeds, suggesting that these mRNAs may be promptly utilized to generate and perceive BRs as soon as seeds germinate. Interestingly, the level of CYP90A9 mRNA was increased during maturation and reached the highest level in mature seeds (Figure 4 ; Figure S1 as Supplemental Data). Furthermore, high levels of LKB and LK were maintained in mature seeds. In accord with this, the LK gene as well as its Arabidopsis homolog DET2 is known as a steady-state gene whose transcription is little affected by growth stage (Li et al., 1996; Nomura et al., 2004) . The high mRNA levels of LKB, LK and CYP90A9 suggest that these genes play especially important roles in generating BRs in the early stages of germination.
Germination of Pea Seeds and Early Seedling Growth May Be Controlled by The
Synthesis of CS
In imbibed pea seeds, no change was observed in the profile of endogenous BR levels as compared with that of mature seed. However, the mRNAs of CYP90B8, CYP85A1 and CYP734A11 had already started to increase. In 1-d-old seedlings all mRNAs examined were largely increased ( Figure 5 ; Figure S2 as Supplemental Data) and, de novo synthesis of CS was observed (Table III) 
MATERIALS AND METHODS
Plant Materials
We used the pure wild-type cultivar of garden pea (Pisum sativum), Torsdag. Immature 
Quantification of Endogenous BRs
The methanol extract of the harvested materials was spiked with 2 H 6 -labelled BRs (Nomura et al., 1999) as internal standards before reduction to an aqueous residue. The aqueous residue was partitioned between ethyl acetate and 0.5 M K 2 HPO 4 buffer. The ethyl acetate phase was evaporated to dryness and partitioned between hexane and 80% methanol. The 80% methanol phase was evaporated to dryness and the residual solid was purified on a column of charcoal (chromatography grade; Wako Pure Chemicals, Japan) which was eluted with methanol:water (6:4 and 8:2, v/v), methanol, methanol:chloroform (9:1, 7:3, 5:5, 3:7, and 1:9, v/v) and chloroform. To monitor the biological activity of BRs, sample aliquots were assayed by the rice lamina inclination test (Yokota et al., 1996) 
Cloning of BR Biosynthesis Genes from Pea
Primer sequences used in this study are shown in Table S2 as Supplemental Data. First primers were designed based on highly conserved nucleotide sequences between legume ESTs and BR biosynthesis genes of Arabidopsis and tomato. PCR amplification was carried out with the Expand High Fidelity PCR System (Roche). Templates were from single-strand cDNA libraries that were made from immature seeds or 7-d-old shoots of pea. The resulting products were sequenced using Long-Read Tower sequencer (Amersham Biosciences). Based on those sequences gene-specific primers were designed to amplify the 5' and 3' end of each genes. Primers listed in Table S2 
Determination of Gene Transcript Levels
Primer sequences used in this study are shown in Table S3 
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instructions. PCR amplification was performed using 500 nM gene-specific primers and 50 to 100 nM actin primers (as a control) with the same concentration of template cDNAs in the same tube. The product was sequenced to confirm the identical band. RT-PCR products obtained by three different amplification cycles were run on an agarose gel. Gels stained with ethidium bromide were digitized and analyzed using luminescent image analyzer GENEGENIUS (Syngene, UK).
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